Abstract. Deep foundations are frequently employed in the construction
the superstructure have to be transferred in an economical way to geotechnical strata that rest beyond the reach of shallow foundations. The operation of drilled deep foundation construction equipment frequently employs pressurized fluids or mechanical rotary actions to agitate and remove the soil. The design of a deep foundation element under lateral loads relies on the "as in place" properties of soil. However, it has been observed that the construction method to drill a foundation frequently changes the properties of the soil as well as the surface interaction of the soil with deep foundation element. This influence changes the lateral support stiffness of the soil on the deep foundation element and the surface contact conditions between the deep foundation element and the soil. Such changes heavily influence the lateral load behavior of the deep foundation due to the lack of lateral soil support or reduced lateral soil stiffness as a result of the construction activity. The construction of a deep-foundation is not an isolated process and there is a difference between the "as-conceived" and the "as-built" foundation. Therefore an estimate has to be made regarding what this influence could be before the design of the deep-foundation is complete. In this paper, two case studies relating to the construction of deep foundations of two high rise buildings in New York City will be presented that highlight the effects stated in the previous paragraphs. An experimental study will also be presented that will be reinforced with an analytical finite element investigation to represent the influence of the construction operations on the lateral load capacities of drilled deep foundations.

Introduction:
Deep-foundations transfer structural loads through a weak soil layer into a strong soil layer or into bedrock. A drilled-shaft (shaft) is a type of deep-foundation element. The construction projects presented in this paper focus on 50 cm diameter shafts drilled with pressurized drilling methods and embedded in bedrock. These shafts consist of a cage composed of reinforcing bars centered within a steel shell that is filled with concrete. The supports for these shafts are rock sockets that extend into competent bedrock after the termination of the steel shell. The installation of the shafts involved the drilling of a steel shell through weak soil layers into competent bedrock. During this process, the soil was simultaneously drilled and removed as the steel shell was advanced into the ground. Once the competent bedrock was reached, the steel shell was drilled into bedrock to establish a seal with the bedrock. The steel shell terminated at the competent bedrock where a rock socket extended further than the casing by the use of a highfrequency air-hammer. After the rock socket reached the sufficient design depth, the interior of the casing and the socket was cleaned of any accumulated debris and a cage of steel reinforcingbars was lowered and centered in the cylindrical hole which was later filled with structural concrete.
The vertical load transfer mechanism of shafts embedded in a rock socket involves end bearing and side friction within the rock socket whereas the lateral load transfer mechanism of shafts is related to the relative value of the flexural stiffness of the shaft and axial stiffness of the soil surrounding the shaft. In certain cases where the shaft slenderness is low and the embedded soil is weak, the end moments at the rock socket could also resist the lateral loads. This paper concentrates on the effect of the procedure to drill the steel-casing of a shaft until it reaches the rock.
There is an abundance of theoretical and experimental information related to the behavior of deep-foundations under lateral loads within soil media. One simple equation that is presented here is for deep-foundations embedded in cohesionless soils where the soil modulus can vary linearly with depth. Equation 1 presents the relative rigidity factor (T) between the rigidity of the deep-foundation and the rate of change of elastic modulus of the soil with depth (n h ). [2, 4, 7, 14] .
Determination of an allowable structural displacement requires the determination of the displacement of the super-structure with respect to the deep-foundation element (1) plus the displacement of the deep-foundation element with respect to the ground surface (2). Thus the total displacement is: 1+2. This value becomes important if there are neighboring structures next to the proposed structure. Another importance arises due to seismic loads since the deepfoundation displacement, which is an indicator of its stiffness, modifies the natural period of the super structure, which in return modifies the seismic lateral load effective on the superstructure.
Effect of installation procedures on the soil properties:
The advance of the steel shell requires the removal of the soil within the shell in order to allow the rebar cage and the concrete to be placed into the shell. The methods used in the removal of the soil within the casing influences the soil strength and the soil continuity around the shaft. The variation of displacements along a shaft is influenced by its interaction with the surrounding soil. The relativity of the rotational stiffness of the shaft and the translational stiffness of the soil are critical in the determination of this lateral capacity. Thus any change in the relative stiffness will have an effect on lateral capacity. The installation procedures for the shafts disturb the soil surrounding the shaft. Determination of the extent and the parametric evaluation of the soil disturbance need to be included in the assessment of the lateral load capacity of the shaft. A correct shaft design requires an estimate or a consideration of the post-installation soil properties around the shaft. The designer must make sure he or she is aware of the state of the soil the shaft is embedded within, in order to make a correct assessment of the soil-structure interaction.
Case studies:
In urban construction projects that require deep foundations such as those in crowded cities like New York City, shaft diameters up to 90-cm are common. The drill rigs for such diameters can be transported to and maneuvered within tight urban construction sites and the shafts can be drilled by pressurized drilling methods. Two case studies will be presented that involve the installation of 50 cm diameter shafts in granular soil media.
Case study -1:
The construction took place in Downtown Manhattan/New York. The planned structure was a 25-story hotel building. The soil profile was granular and consisted of 1 meter fill layer and 13 meter sand and trace silt-sand layer above bedrock. The drilled-shafts used 15 meter long casings that were 50 cm in diameter.
The drilling methodology used pressurized water-polymer mix through the casing as the casing was rotated and pushed into the ground by a drill-rig. The use of polymer in water increased the viscosity of the water and enabled the water to drag soil particles. The highpressure water-polymer mix served two purposes: 1) to push the soil through the casing and 2) to transport this soil along the sides of the casing from a certain depth within the ground to the ground surface. Water mixed with polymer was collected from a pit by a pump and transferred to the drill rig. As the casing was rotated and pushed into the ground, the soil was pushed out of the casing by the water pressure applied through the casing and traveled to the ground surface along the sides of the casing carrying with it the soil particles. As the run-off water that drained back into the pit was pumped back into the drill-rig the soil that accumulated within the pit was removed by an excavator at regular intervals. This procedure continued until the casing was properly sealed into the bedrock. After the casing was sealed into the bedrock a rock socket was drilled into the bedrock by a high frequency oscillating hammerhead.
During the advancement of the casing towards the bedrock, the soil around the casing was disturbed and the soil was affected in two ways: 1) Gaps formed around the casing and the soil support was removed or 2) Soil stiffness was reduced and the soil support was weakened. The accumulation of the soil gaps and weakened soil layers were concentrated around the casing closer to the ground surface. The reason for this concentration was that the effective soil pressures became lower closer to the ground surface. Thus any gap formed around the casing either remained open or was refilled with the collapsing soil in an un-compacted state and therefore the soil was permanently weakened after the drilling process was complete. Figure 1 shows the casings ready for drilling. Figure 2 shows the collecting pit in the foreground, the pump in the middle and the rig in the background. The site was sloped by the contractor such that the water-polymer mix flowed back into the pit along the right side of the rig. Figure 3 shows a 15 meter long and 50 cm diameter casing attached and ready to be installed. Figure 4 and figure 5 shows runoff water from the sides of the casing flowing back into the pit. Figure 6 shows the gaps formed around the casing after the casing is terminated in bedrock. The gaps were found to extend approximately 2.5 meters into the ground, which is approximately 5 times the diameter of the casing. Another influence of the installation method on the soil was observed during the drilling operation. As the casing was rotated and advanced into the ground, an extent of soil around the casing was disturbed due to the vortex created by the high-pressure water-polymer mix and due to the rate of revolution of the casing. The end result was that the soil within this volume was highly disturbed and liquefaction occurred. During the operation, the soil around the casing did not have sufficient bearing capacity to step on, therefore the rig was approached to a distance of 50 cm by stepping on a wood plank and a steel reinforcing bar was penetrated into the soil to observe the soil resistance. Within a distance of 50 cm from the casing, the rebar penetrated the soil without any resistance. The resistance increased with the increasing distance from the casing face and diminished around 3 times the diameter of the casing. The granular nature of the soil in this particular site was an important contributor to this observed behavior. Figure 7 shows the extension of the influence zone around the casing. Figure 8 and 9 shows the state of the perimeter soil around the shaft after the installation. Notice the gap around the perimeter and the reduction of the soil slope with the increasing distance from the casing. Acknowledgement of this behavior is important before the installation of drilled-shaft next to existing structures. Figure 10 shows the operation next to an existing three-story 75-year-old masonry building that was supported on shallow foundations bearing approximately 1 meter below the ground surface. The face of drilled shafts was originally located 30 cm away from the face of the wall. After the influence of the drilling methodology was observed, the shafts were relocated 1 meter away from the face of the wall in order to prevent loss of bearing pressure underneath the footings of the existing building. This relocation created an eccentricity with respect to the super-structure columns and the shaft caps had to be redesigned. The shafts along the perimeter were coupled to the surrounding shafts by deep grade beams in order to distribute the extra moment generated by this relocation.
Case study -2:
The construction took place in midtown Manhattan/New York. The soil profile consisted of 2 meter of clay-sand, 5 meter of clay, and 7 meters of sand-silt above bedrock. The drilled casings were 15 meters long and 50 cm in diameter. The planned structure was a 50-story residential building.
The drilling methodology used high-pressure air through the casing as the casing was drilled into the ground. In this method, the soil within the casing was removed by an air operated high frequency oscillating hammerhead inside the casing that was flush with the tip of the casing. The oscillating hammerhead was also used to drill the rock socket after the casing was sealed into bedrock. The diameter of the hammerhead was smaller than the interior diameter of the casing, such that there was sufficient gap between the two for some part of the soil to pass through. The soil that was hammered through was then blown out by high-pressure air at certain depth intervals along the interior and the exterior of the casing.
The soil disturbance created around the casing due to removal of the soil by pressurized air was observed not to be as high as the soil disturbance when water-polymer mix was used to remove the soil within the casing. However, unlike the pressurized water-polymer drilling method, the effect of the drilling procedure was also observed at locations further away from the casing due to the weakening of the soil through a process called "piping" that occurs when the high-pressure air finds a way within the ground to the surface of the ground. Figure 11 shows the drill rig in the middle, an excavator in the background and a crane in the foreground (Note the air hoses attached at the back of the rig which are attached to the compressors not shown in the photograph). Figure 12 shows a rig in position to drill a casing. Figure 13 shows the hammerhead and figure 14 shows the hammerhead attached to a series of rods, which is inside the casing. Figure 15 shows the soil particles released internally from the casing by high-pressure air as the casing is drilled. The neighboring building were supported by piles bearing on bedrock, therefore the perimeter shafts were able to be drilled 25 cm away from the face of the wall. 
Experimental study:
Tests were conducted on the foundation element of a bridge that was being constructed. The shafts were 25 meters in depth and extended 3 meters into the bedrock. The concrete diameter was 1.196 meters with a 0.012-meter thick steel casing. The center-to-center spacing of the shafts was 3.75 meters. The soil was removed by augers and a kelly and the casing was advanced gradually through a diameter slightly larger than the casing. Balic M. under the direction of Prof. Gucunski N. from Rutgers, the State University of New Jersey (2002) conducted on-site lateral load tests on the drilled shafts during the construction stage of the deep foundations, which involved the use of a shaker that applied sinusoidal loads at specified frequencies.
Soil-shaft interaction modifies shaft stiffness, which makes the shaft response dependent on the frequency of the loading. Shaft-soil system stiffness depends on the relative stiffness of the shaft and the soil, slenderness ratio of the shaft, shaft support condition and the variation of soil properties with the depth [9, 10] . The stiffness of the SSI system is also affected by the disturbance zone around the shaft, as well as the accumulated shaft-soil interface separations caused by repetitive loading in granular soils for soil depths that extend up to five times the shaft diameters below the ground level.
A detailed finite element model of the shaft group was created that analyzed the interaction of the foundation elements with the surrounding soil [1] . Figure 16 shows the three dimensional solid and wireframe views of the group shafts. The use of steel shell around the concrete has the effect of increasing the bending stiffness of the shafts as well as modifying the interface friction with the soil. Figure 17 shows the plan view of the model showing the concrete core and the steel shells around the concrete cores. Figure 18 shows the soil profile and the stiffness parameters associated with the soil types along the profile. Table 1 is the soil stiffness parameters obtained by through shear wave testing. Shear wave velocity within a soil layer and the shear modulus of the soil layer are given in equation (2) . The shafts were excited harmonically using an APS Model 400 electromagnetic shaker. The shaker was suspended on a frame and attached to the drilled shaft through a steel section anchored into the shaft. The force on the shaker was controlled by a signal generator and amplifier, and measured using a load cell placed between the arm of the shaker and the steel section. The response of the loaded and adjacent shafts was measured using triaxial Mark Products L-4C-3D geophones, placed on the top of the shaft and along the shaft at depths of 4-ft, 9-ft, 14-ft and 20-ft. The test setup is shown in figure 19 that basically illustrates the components of the setup. 
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The effect of soil support is visible in the analytical shaft response both in the magnitude of the displacements and the displaced shape of the shaft. However the experimental results do not show a clear effect of the lateral soil support other than the differences measured in displacement. The reasons could be that, since the loading value is low, the soil is not mobilized sufficiently to provide a lateral resistance and also, the soil support to the shaft extending a certain depth into ground may have been reduced or completely eliminated due to the drilling operation and therefore the shaft may have been exposed to lateral loading without any soil support.
Further investigation into the site conditions where the tests were conducted resulted in the findings and verbal confirmation that there were shaft-soil surface separations as well as random fillings along a depth that extended a certain distance below the ground surface that couldn't be quantified at the time of testing. Drilling of the steel casing that extends the full depth of the shaft may have caused a significant reduction in the soil strength in close proximity to the shaft, as well as widening the hole beyond the design diameter. The impact of such a process would be to significantly reduce or completely diminish the soil support to the shaft under lateral loadings. The finite element model had to be modified to incorporate such effects that were believed to be the cause of the differences between the experimental and the analytical results presented in figure 21 . However, between the time when this test was conducted and the model was developed the bridge was constructed and the physical means for any measurement of this detached zone around the shaft was not possible. Therefore an assumption had to be made regarding the extent of the depth of soil that was thought to have no contribution to lateral load capacity of the shaft. However, instead of changing the depth of this detached soil zone around the shaft to make the experimental and analytical numbers fit, the interaction between the shaft and the soil was completely removed and the model was re-analyzed. The variation of the displacements with depth for the re-analyzed models with the soil support completely removed is shown in figure 22 . The analytical model has predicted the variation of the response of the shaft to cyclic loading similar to the experimentally obtained results. In the figures presented, due to the low natural frequency of the shaft, the lateral displacement for higher frequencies (8 Hz) is lower.
Analytical study:
Soil data obtained from undisturbed soil samples are frequently used in the design of foundation elements. However, installation procedures of the drilled deep foundations results in soil disturbance around the perimeter of the foundation element up to a certain depth that weakens or completely removes the soil support to the foundation element. The case studies previously presented indicate the weakening effect of drilling procedures on the soil structure interaction capacity of a drilled foundation element. In order to investigate the effect of drilling procedures on the post-installation properties of drilled shaft, a finite element model [1] was developed for a drilled shaft 30 meters long with 1.5 meter diameter that takes into account the radial weakening of soil properties up to a depth of five times the shaft diameter. The soil is non- cohesive soil with linearly varying elastic modulus with depth with a coefficient of subgrade reaction of n h = 13.55 N/cm 3 . Figure 23 shows the finite element model for the drilled shaft and Figure 24 shows a qualitative cross-sectional view of a deep foundation element and extent of soil that is weakened due to drilling methods. Four weakened soil conditions have been analyzed due to drilling procedures were: Case 1: 15 cm weakened soil extension (L) with 10% of the elastic modulus value of undisturbed soil (E). The weakened soil extensions of 15 cm and 25 cm are 10% and 17% of the shaft diameter respectively. Under the application of 222 kN lateral load, the variation of displacement and moment are shown in Figure 25 and Figure 26 for the weakened soil conditions. The percentage increase in displacement and moment for the four cases with respect to the "undisturbed" case are as follows: Displacement: Case1: 53%, Case2: 8%, Case3: 71%, Case4: 11%. Moment:
Case1: 7%, Case2: 2%, Case3: 10%, Case4: 3%. 
Conclusion:
Soil-structure interaction of laterally loaded deep-foundations is an indeterminate problem. The type of soil, the type of foundation element and the construction methodology cause this indeterminacy. Reduction in the number of unknowns has to be made in order to render the problem solvable. However, the number of parameters that need to be incorporated into design and analysis that are thought to have an effect on the lateral response of a deep-foundation depends on the clear judgment of the engineer. The stiffness of the deep-foundation and the surrounding soil and the continuity of this stiffness around the deep-foundation are three variables that are commonly used to measure the lateral displacement along a deep-foundation element. The literature on the issue of response of deep foundation to lateral loads show that the soil layers close to the ground surface that extend 5-8 diameters along the depth of a deepfoundation element provide the effective soil support.
The two case studies presented in this paper involved 50 cm diameter shafts that were pressure drilled, during which the soil was continuously drilled and removed either by pressurized high viscosity water or by pressurized air. The case studies resulted in the finding that the granular soil support around a drilled-shaft was either weakened or completely removed along a depth up to 5 times the diameter of the drilled-shaft. Unlike the case studies, the experimental study involved the installation of a 120 cm shaft by drilling and removal of the soil in two separate mechanical processes and advancing the casing at discrete intervals. However, the analytical investigation of the experimental study also indicated the presence of a weakened soil zone around the shaft.
Pressure drilling is a single-continuous process that mechanically removes and transports the soil. During this process the penetrated soil in the vicinity of the shaft is highly disturbed. It is suggested that prior to design of a drilled-shaft, a "free-length" design concept is implemented and an allowance is made for weakened and gapped soil layers. The free length value will depend on the type of soil and the type of installation process. By the use of a free-length value, the soil support for the drilled-shaft design with respect to lateral loads should begin below a certain depth from the ground surface. For pressure drilled-shafts installed in what could be characterized as granular soil, the author of this paper uses 5 times the diameter of the drilledshaft for the "free-length" value for shaft diameters up to 50 cm.
There are many other types of drilled-shafts that are outside the scope of this paper. Drilledshafts with diameters as large as 250 cm are not uncommon. The installation of these shafts typically involves separate mechanical processes for the drilling and removal of the soil and the advancement of the casing at discrete time intervals. The disturbance of the soil due to drilling and the disturbance due to soil removal are mostly confined within the casing. Therefore the freelength for such large diameter shafts would be expected to be lower than 5 times the diameter. On the other hand, deep-foundations with such large diameters could have high rotational stiffness values such that the contribution of the soil stiffness to shaft-soil lateral response could be neglected. Under such circumstances, it would not matter whether any gaps have formed between the shaft surface and the soil interface.
The post-installation behavior of other types of drilled-shafts that require the casing to be removed after the placement of the concrete would be different than what has been discussed up to now, since the workable concrete within the steel shell would flow and penetrate into the porous spaces in the soil surrounding the casing generated by the drilling and removal of the soil within the casing. The effect of the seepage of the structural concrete penetration could result in stiffer soil environment. The lateral load capacity could not only be enhanced due to this soil stiffness increase but also due to the soil-concrete interface interlocking that results in increased shear and friction.
For pressurized water-polymer drilling method, it was observed that the soil was completely transported through the exterior perimeter of the casing and for pressurized air drilling method the soil was observed to be transported both through the exterior perimeter and the interior of the casing. In the pressurized air-drilling method it was observed that as the depth of penetration of the casing into the ground was increased, the amount of soil that was transported through the casing interior also increased. The effect of the mechanical disturbance due to the transport of soil on the lateral load capacity of a drilled shaft depends on how the soil is transported after the soil is drilled. In pressure drilling methods, the adverse effect of this transport along the shaft-soil interface, to the lateral shaft support was observed.
The construction of a deep-foundation is not an isolated process and there is a difference between the "as-conceived" and the "as-built" foundation. Therefore an estimate has to be made regarding what this influence could be before the design of the deep-foundation is complete.
